Stirred-flow cell experiments were performed to investigate the kinetics of uranyl [U(VI)] desorption from a contaminated sedimentcollectedfromtheHanford300AreaattheU.S.Department of Energy Hanford Site, Washington. Three influent solutions of variable pH, Ca and carbonate concentrations that affected U(VI) aqueous and surface speciation were used under dynamic flow conditions to evaluate the effect of geochemical conditions on the rate of U(VI) desorption. The measured rate of U(VI) desorption varied with solution chemical composition that evolved as a result of thermodynamic and kinetic interactions between the solutions and sediment. The solution chemical composition that led to a larger disequilibrium between adsorbed U(VI) and equilibrium adsorption state yielded a faster desorption rate. The experimental results were used to evaluate a multirate, surface complexation model (SCM) that has been proposed to describe U(VI) desorption kinetics in the Hanford sediment that contained complex adsorbed U(VI) in mass transfer limited domains (Lui et al. Water Resour. Res. 2008, 44, W08413). The model was modified and supplemented by including multirate, ion exchange reactions to describe the geochemical interactions between the solutions and sediment. With the same set of model parameters, the modified model reasonably well described the evolution of major ions and the rates of U(VI) desorption under variable geochemical and flow conditions, implying that the multirate SCM is an effective way to describe U(VI) desorption kinetics in subsurface sediments.
Introduction
Kinetically controlled uranyl[U(VI)] desorption has been observed in various contaminated subsurface sediments (1) (2) (3) (4) (5) (6) . Recent spectroscopic and microscopic studies suggest that kinetic U(VI) desorption results from the mass transfer limitation of uranyl geochemical reactions including dissolution (5, 7, 8) and surface complexation (1, 9) in intragrain or intra-aggregate domains. Mass transfer limits the delivery of reactants and removal of products, leading to local disequilibrium of solution chemical composition and U(VI) speciation in the intragrain or intra-aggregate domains from those in bulk or flowing groundwater solutions. The disequilibrium, on the other hand, drives the mass transfer processes, leading to a complex coupling of mass transfer with geochemical reactions along the transport pathways.
Various models have been proposed to describe the kinetic behavior of U(VI) release from contaminated sediments including reactive diffusion (5, 8) ; a first-order rate with timevariable rate constants (2) ; multirate, linear sorption model (4, 10) ; and multirate, surface complexation model (SCM) (1) . The diffusion-based models have the advantage of incorporating complex intragrain pore-network that restricts U(VI) and associated species mass transfer (8) . The characterization of pore-network properties including pore size and connectivity, and local diffusion coefficients, however, is a significant challenge for the application of diffusion-based models.
The first-order rate model with time-variable rate constants (2) is an empirical approach that ignores U(VI) geochemistry affecting U(VI) sorption/desorption reactions and consequently has a limited applicability. The multirate, linear sorption model was developed to describe U(VI) desorption from contaminated sediments at the U.S. Department of Energy (DOE) Hanford Site, Washington, in solutions with a relatively constant chemical composition (4) . The model utilizes multiple first-order rate expressions to simulate the diffusion process (11) , and has frequently been used to describe mass transfer between sorbed and aqueous phases (e.g., refs 11-14) . The model, however, assumes that sorption and desorption reactions in the mass transfer domains can be described by a linear sorption isotherm. This limitation has recently been removed by replacing the linear sorption expression with a surface complexation model (1) . The applicability of the multirate SCM, however, has not been rigorously tested under variable geochemical conditions that affect U(VI) aqueous and surface speciation reactions. Such variable geochemical conditions occur in certain field settings, such as at Hanford's 300 Area, where groundwater composition is variable as a result of Columbia river water intrusion at high river water stages (15) .
In this study, a series of stirred-flow cell experiments were performed to investigate the kinetic behavior of U(VI) desorption from a contaminated sediment collected from the Hanford 300 Area at the U.S. Department of Energy (DOE) Hanford Site, Washington. Three influent solutions containing variable pH, Ca, and carbonate concentrations that affect U(VI) aqueous and surface complexation reactions were injected into the reactor under dynamic flow conditions to evaluate the evolution of geochemical compositions and its effect on U(VI) desorption. The experimental results were used to define a thermodynamic and kinetic model to simulate the changes of chemical compositions as a result of solution-sediment interactions, and to evaluate the applicability of the multirate SCM to describe U(VI) desorption kinetics under variable geochemical conditions.
Materials and Procedures
Sediment. The sediment used in this study was collected from the capillary fringe beneath Hanford's 300 Area North Process Pond at a depth of about 3 m below ground surface (16) . The sediment was contaminated by U(VI)-containing nuclear fuel fabrication liquid wastes that infiltrated the vadose zone beneath the North Process Pond during the period 1941-1973. Spectroscopic analysis revealed that U in the sediment primarily existed as adsorbed uranyl carbonate (>SOUO 2 HCO 3 ) and hydroxide (>SOUOH) species that were exclusively associated with the <2 mm size fraction (1). The dry-sieved, < 2 mm size fraction, which contains 47.8 nmol/g of U (1), was therefore used in this study to investigate U(VI) desorption kinetics.
Desorption Experiment. The desorption of U(VI) from the sediment was investigated in a stirred-flow cell reactor (8 mL) using three U(VI)-free, synthetic groundwater (SGW) solutions (Supporting Information (SI) Table S1 ). The pH, Ca and carbonate concentrations that have major effects on U(VI) speciation were varied in these solutions: SGW2 is low in pH and carbonate, and high in Ca; SGW3 is high in pH and carbonate, and low in Ca; and SGW1 composition is intermediate between those of SGW2 and SGW3. All the SGW solutions were prepared by continuously bubbling with air in suspensions of calcite for at least one week before use to ensure equilibrium with atmospheric CO 2 (g) and calcite. The equilibrated solutions were filtered (3 nm pore size) and stored in plastic bottles for the desorption experiments.
The flow cell reactor has an influent port at bottom and effluent port on top of the reactor. A 0.2 µm pore size membrane was fixed on the effluent port to retain the sediment in the reactor. The flow cell experiments were performed with a solid/water ratio of 131 g/L with a flow rate of 19.8 mL/hour that was controlled by a high-pressure gradient piston pump (Cole-Parmer, IL). The sediment suspension in the reactor was maintained by a magnetic stir bar. An intermittent flow and stop-flow (SF) technique with variable SF durations was applied to evaluate whether the U(VI) release from the sediment was equilibrium or kinetically controlled. The effluents were collected using an automatic fractioncollector(Cole-Parmer,IL)forchemicalmeasurements.
The effluent pH was measured immediately after sample collection. U(VI) in the effluent was analyzed with a kinetic phosphorescence analyzer with a detection limit of 0.001 µmol/L (Chemchek Instruments, Richland, WA). Effluent Ca, K, Mg, and Na were analyzed with inductively coupled plasma-optical emission spectrometer (ICP-OES) (PerkinElmer, Optima 2100DV). Total dissolved inorganic carbon was measured with a Dohrman carbon analyzer, DC-80.
Multirate SCM. The multirate SCM can be mathematically described as follows (1): where C i is the total aqueous concentration of chemical component i (mol/L); q j k is the concentration of adsorbed specie j at adsorption site k (mol/kg); a ij is the stoichiometric coefficient of chemical component i in adsorbed species j; θ is the porosity; F s is the solid density (kg/L); N is the total number of chemical components in aqueous phase; N s is the total number of adsorbed species; M j is the total number of adsorption sites for adsorbed species j;R j k is the rate constant of adsorbed species j at site k (h -1 ); Q j k is the adsorbed concentration of species j at site k (mol/kg) in equilibrium with aqueous solution; and L(C i ) is the transport term:
where F is the flow rate (mL/hour), V is the aqueous volume of the flow cell reactor (mL), and C i in is the total concentration of chemical component i in the influent solution. The equilibrium adsorbed concentration (Q j k ) in eq 2 has to be calculated from the mass action equations of adsorption reactions ( Table 1 ). Note that eq 2 becomes a commonly used multirate, linear sorption model (e.g., refs 11, 12, 14) when Q j k is replaced by f k K d C j , where K d is the linear partitioning coefficient between aqueous and solid phases and f k is the site fraction at site k.
Results and Discussion
Evolution of Chemical Compositions. The effluent chemical compositions changed significantly as a function of time and influent solution (Figures 1-3) . The initial effluent pH was consistently lower than that in the influent regardless of influent solution composition, which had a pH from 7.28 to 9.09 (SI Table S1 ). The observed initial pH decrease, which ranged from 0.4 to 0.9 pH unit relative to the influent pH values, was significant because a relative low solid/solution ratio (131 g/L) was used in this study. Assuming that the initial pH decrease was from the dilution of protons originally present in the sediment pore water by the influent solutions, then a mass balance calculation using an assumed 0.3 porosity, 8.2 wt % of the field sediment as the <2 mm size fraction (1), and a solid density of 2.76 g/cm 3 (1) gave a pH 4 for the pore water in the field sediment. Some of the protons in the sediment might have come from the ion exchange sites and mineral dissolution/precipitation reactions as discussed later. Nevertheless, the large initial drop of pH indicated that the sediment contained significant acidity that has not been neutralized despite over 30 years since the termination of liquid waste sources. The sediment acidity was apparently from the infiltration of the acidic nuclear fuels fabrication waste from the overlying process pond (17) . Although bases were added for waste neutralization over 30 years ago, significant acidity has been preserved in the capillary fringe sediment.
The pH values in the effluents increased gradually with time, requiring 12 fluid residence times to reach the influent levels. Stop-flow events consistently led to a decrease in effluent pH immediately after SF events. These results collectively indicated that proton release from the sediment was a kinetic process that either resulted from the pHbuffering mineral dissolution/precipitation reactions and/ or proton ion exchange process in the mass transfer-limited intra-aggregate domains.
The temporal changes of major cations in the effluent solution varied with influent solution. For SGW1 (Figure 1 ), all major cations (Ca, Mg, K, and Na) initially decreased with time, indicating that the soluble fraction of the cations in the sediment was higher than in the influent solution. The decrease of Mg and K concentrations was especially fast, and after one hour of elution their concentrations were below those in the influent solution. After the initial fast decrease, Mg and K concentrations gradually rebounded toward their influent levels. The effluent Ca and Na concentrations were consistently above or equal to their influent concentrations throughout the experiment. For the high Ca concentration SGW2 ( Figure 2) ; Mg, K, and Na displayed an initial concentration pulse, followed by a slow decrease to influent levels. For high Na concentration SGW3 ( Figure 3) ; Ca, Mg, and K displayed marked concentration decrease with time. The temporal behavior of major cations was generally consistent with an ion exchange mechanism except during the first hour release, which was apparently affected by the dissolution of soluble salts. The correlated increase in Mg and K and decrease in Ca and Na concentrations after one hour elution in SGW1 (Figure 1 ) was explained by the exchange of solution Mg and K for the adsorbed Ca and Na in the sediment. As ion exchange approached equilibrium, all cation concentrations in the effluent approached those in the influent. The correlated increase in Ca, and decrease in Na, Mg, and K concentrations for SGW2 (Figure 2 ) indicated the exchange of aqueous Ca with adsorbed Na, Mg, and K in the sediment. Similarly, the correlated increase in Na and decrease in Ca, Mg, and K concentrations for SGW3 ( Figure  3 ) indicated Na exchange replacing for sediment Ca, Mg, and K. In all these cases, significant time was required to reach ion exchange equilibrium with the influent solution, suggesting that these reactions were mass transfer-limited in intra-aggregate domains. The correlated increase or decrease in cation concentration immediately after SF events (e.g., Mg and Ca in Figure 1) , and the presence of clay-textured aggregates and grain coatings in the sediment (16) supported such a kinetic mechanism.
The changes in carbonate concentration between influent and effluent solutions were relatively small. Calculations of aqueous speciation and saturation indexes indicated that all three influent SGW solutions were near calcite saturation with a saturation indices (log IAP/K sp ) ranging from -0.02 to 0.1. Slight changes in effluent carbonate concentration occurred within the first hour, and immediately after SF events. These changes probably resulted from the minor desorption of sorbed carbonate from mineral surfaces (e.g., refs 18, 19) or the dissolution/precipitation of carbonate phases with different solubility from calcite. Generally however, such changes were small and in the following model, solid phase reactions for carbonate release were not considered except for the surface complexation of uranyl-carbonate species.
U(VI) Desorption. U(VI) desorption was fastest in SGW3 (Figures 1 to 3 ) because of its high pH and carbonate concentration that thermodynamically favored U(VI) in aqueous phase according to the U(VI) surface complexation reactions (Table 1) . Effluent mass balance calculations (data not shown) also indicated that U(VI) desorption in SGW1 was 20% faster than that in SGW2. The result was also consistent with the thermodynamic potential effect on U(VI) desorption kinetics, because both pH and carbonate concentration were lower in SGW2 than SGW1. Although the high Ca concentration in SGW2 promoted the formation of poorly sorbing Ca 2 UO 2 (CO 3 ) 3 (aq), its effect on U(VI) desorption was minimized by the low concentration of CO 3 2-, which was collectively affected by pH and total carbonate. Speciation calculations indicated that aqueous U(VI) species were dominated by Ca 2 UO 2 (CO 3 ) 3 Figures S1-3 ). In all effluent solutions, U(VI) concentrations decreased with time and rebounded immediately and significantly after SF events, consistent with the kinetic behavior of U(VI) desorption observed previously in column systems (1, 4) . The rebounded concentrations from the later SF events were, however, lower than from the earlier SF events with a comparable SF duration. Increasing SF durations at later times had only small effects on the magnitude of the rebounding effluent U(VI) concentration. Beyond the SF spikes, the effluent U(VI) concentrations gradually decreased with time, with the fastest decrease observed in SGW3 and slowest in SGW2. These results displayed the effect of depletion rate of the adsorbed U(VI) in the sediment. There was an apparent balance between the effect of increasing SF duration, which provided more time for the kinetic release of U(VI), and the depletion of U(VI) from the kinetic sites with time, which decreased the thermodynamic driving force for U(VI) desorption. The total desorbed U(VI) at the end of the experiment was 35, 30, and 54% of the total initial U(VI) in the reactor in SGW1, SGW2, and SGW3, respectively.
Modeling. The measured solutes and U(VI) concentrations in the effluents (Figures 1-3 Table S2 ), and 4 ion exchange and 2 uranyl surface complex species (Table 1 ). All aqueous speciation reactions were treated as equilibrium ones that were used to determine aqueous species concentrations and activities. The Davies expression was used in calculating aqueous activity coefficients.
The U(VI) surface complexation reactions were based on >SOUOH and >SOUHCO 3 as surface species (Table 1) . As previously described, these two species were directly determined in the contaminated sediment using laser induced fluorescence spectroscopy (1). The SCM was used to calculate the adsorbed concentration in equilibrium with bulk solution composition (i.e., Q j k in eq 2):
where S k is the site concentration (mol/g) at site k, K is the equilibrium constant for adsorbed U(VI) species as described 
by the subscript, and a is the activity of aqueous species denoted in the bracket. With known aqueous activities in the bulk solution, the value Q j k for the two adsorbed U(VI) species can be calculated from eqs 4 and 5, which were derived by analytically solving the mass action equations of the surface complexation reactions (SI). The calculated Q j k was then used to calculate the rate of desorption from eq 2 based on the existing adsorbed concentrations (q j k ) and the rate constant (R j k ) at site k. The same rate constant was used for both U(VI) surface species. When the rate constant is infinitely large, q j k equals Q j k (eq 2) and desorption follows the Langmuir type expression (eqs 4 and 5).
Ion exchange reactions for cations Na + , K + , Mg 2+ , Ca 2+ , and H + (Table 1 ) were used to model the chemical composition evolution. The ion exchange kinetics were also assumed to follow eq 2. The ion exchange sites (X) were independent from the uranyl surface complexation sites (SOH) in accordance with the known mechanisms of these two different surface reaction types. The Q j k values for the ion exchange sites were analytically derived from the ion exchange mass action equations (SI). The same rate constant was used for all ionic species at the same exchange site.
The cation exchange capacity (CEC) and initial concentrations of exchangeable cations were estimated from cation concentration differences in the influent and effluent solutions. To minimize calculation errors, exchangeable Ca and Mg were estimated from the effluent data of the SGW3 experiment (Figure 3) , as SGW3 contained negligible influent Ca and Mg. Exchangeable Na and K were estimated from the effluent data of the SGW2 experiment, as SGW2 contained minimal influent Na and K. The concentration differences between the effluents and influents were considered to represent the total sediment-associated labile cation pool, including soluble ones in the original pore water and exchange phase cations. Soluble cations were estimated from the first measured effluent cation concentrations in the SGW1 experiment (Figure 1 ). The exchangeable cations were estimated from the difference between the total sedimentassociated and soluble cations ( Table 2 ). The soluble and initially adsorbed proton concentrations in the sediment were estimated by fitting the effluent pH data for the SGW1 experiment. The CEC of the sediment was calculated by summing the concentrations of all initially exchangeable cations. After these initial conditions and parameters were estimated, they were fixed in simulating the effluent chemical compositions from all these experiments.
The surface complexation site concentration was calculated from a measured surface area of 20.4 m 2 /g (6) and a generic surface site density of 3.84 umol/m 2 (20) . The total measured contaminant U(VI) (T UO 2 ) in the sediment (47.8 nmol/g) was treated as the initially adsorbed uranium concentration, which was assumed to be at thermodynamic equilibrium at all surface complexation sites. Based on this assumption, the initial concentrations of the two surface complex species (Table 2) were derived from the mass action equations of the surface complexation reactions as described elsewhere (1) .
The rate constants (R j k ) for the different sites in eq 2 were assumed to follow a log-normal probability distribution to minimize the number of parameters in the model:
where p is the probability of a site that has a corresponding rate constant of R; and µ and σ are the two parameters that define the probability function. Two probability functions were used: one for surface complexation sites, and another for ion exchange sites. For numerical convenience, the probability of each adsorption site was discretized to be a constant (e.g., S k ) S T /M j , where S T is the total site concentration). The rate constant for each site was then calculated by inversely solving the probability function (eq 6). The discretization procedure of eq 6 was described in reference (1) .
A sequential iterative scheme was used to numerically solve eqs 1 and 2 coupled with aqueous, surface complexation, and ion exchange reactions. Equation 1 was first implicitly solved for the total concentrations of all aqueous chemical components. The total concentrations were used to update the activities of aqueous species, which were then used to update the adsorption extent (Q j k ). The new Q j k was used to update the adsorbed concentration (q j k ) at each surface complexation and ion exchange site using eq 2. The updated q j k and Q j k were used to evaluate adsorption or desorption rates, which were then used to update eq 1 again. This process was iterated until convergence (relative error of 10 -7 ) for each time step. The multirate SCM model, coupled with multirate ion exchange model, reasonably well described the effluent data with variable influent composition using a single set of parameters. The reaction constants for the aqueous, uranyl surface complexes, and cation exchange species were derived from literature and independent studies using the Hanford sediments (Table 1 and SI Table S2 ). The kinetic parameters (µ and σ in Table 2 ) for the rate distribution of ion exchange and surface complexation sites were estimated by visually fitting the model to the SGW1 effluent data (Figure 1) . The fitted kinetic parameters were then used to predict the effluent compositions and U(VI) desorption profiles in the SGW2 and SGW3 experiments (Figures 2 and 3) as a validation. Correspondent calculated U(VI) aqueous speciation in the different reactors was provided in SI Figures S1-S3.
The model well described the evolution of Ca 2+ , Mg 2+ , and Na + in the effluents as a function of time and influent solution (Figures 1 to 3) , indicating that the kinetic behavior of these cations can be well simulated by a multirate, ion exchange process. The model also well matched the effluent pH for SGW1 and SGW2, but underestimated the pH in SGW3, suggesting that the proton release from the sediment was also controlled by other reactions that were not considered for U(VI) and ion exchange sites, respectively.
such as mineral dissolution/precipitation. The model was not effective in simulating the kinetic behavior of K release, but the ion exchange behavior of strongly adsorbing cations in the Hanford sediments is known to be complex because of the presence of basically weathered micas (21, 22) . The calculated K concentrations immediately after SF events were consistently less than the measured ones, regardless of SF duration and influent solution composition. The agreement between the K data and the model could not be improved by adjusting the equilibrium constant or the initial adsorbed K, without compromising the simulations of the other cations. The inability to accurately model K, however, had no direct effect on U speciation or its adsorption/desorption reactions as long as the modeled and measured Ca and Mg concentrations were in agreement. These latter two cations had strong influence on U(VI) aqueous speciation (SI Table S2 ).
The model generally provided a good description of U(VI) release as a function of time, chemical composition, and SF duration with the same set of initial conditions and model parameters. Some discrepancies did exist. For example, the model underestimated the SF effects for SGW2 (Figure 2 ), while it overestimated SF effects for SGW3 (Figure 3) . The model match could be improved by adjusting the kinetic parameters to best fit the individual U(VI) effluent profiles (data not shown), indicating that the rate parameters (i.e., µ and σ) in the multirate SCM model were affected by fluid geochemical composition. This was expected because (1) the multirate SCM is a semiempirical model that describes U(VI) surface complexation reactions, diffusive mass transfer, and their coupling; and (2) only two parameters were used to describe the U(VI) mass transfer that occurred in complex and unresolved ways in intragrain and intra-aggregate regions in the sediment (16) . Overall, however, the discrepancy between the calculated and measured U(VI) desorption profiles was not significant. Considering its simplicity in both numerical implementation and parametrization, the multirate SCM is recommended to be an effective approach to describe U(VI) desorption kinetics under variable geochemical conditions, with a caution that its rate parameters are not completely independent of geochemical conditions. An evaluation of the probability function (eq 6) using the estimated rate parameters showed that the estimated rate constants ranged from 10 -6 to 10 1 h -1 for U(VI) surface complexation sites, and 10 -3 to 10 3 h -1 for ion exchange sites (Figure 4) . Numerically, 50 sites were used for either U(VI) or ion exchange sites with a rate constant ranging from 2 × 10 -6 to 4 h -1 for U(VI) sites, 1 × 10 -3 to 3 × 10 2 h -1 for ion exchange sites. The large ranges of rate constant distribution reflected the heterogeneous nature of the mass transfer properties for both U(VI) surface complexation and ion exchange reactions in the sediment. The overall rate for ion exchange sites was over 2 orders of magnitude faster than for uranyl surface complexation, suggesting that the ion exchange sites were more accessible and/or kinetically more responsive. The rate constants determined for U(VI) surface complexation sites from the flow-cell experiments ( Figure 4) were over 1 order of magnitude faster than those determined previously from a column containing the same sediment (1). The slower rates in the column system may have resulted from the additional intergrain mass transfer as a result of nonuniform distribution of flow velocity at the pore scale. Such intergrain mass transfer that occurred along with intragrain or intra-aggregate mass transfer, increased the overall mass transfer distance and slowed U(VI) release rates. In the stirred-flow system, the effect of intergrain mass transfer was intentionally eliminated by experimental design. The large increase in the rate constants in the stirred-flow system over that in the column was, however, unexpected and requires further investigation.
Implication. The kinetics of U(VI) adsorption/desorption is an important factor controlling uranium fate and transport at U-contaminated sites. A field investigation of reactive transport of U(VI) is currently underway at the Hanford Integrative Field Research Challenge (IFRC) Site at U.S. DOE Hanford 300 Area. At the site, significant variability in water composition is expected as a result of Columbia River water intrusion into groundwater at high water stage, and subsequent sediment-water interactions. Our results imply that such variability in groundwater chemical conditions will have significant effects on U(VI) adsorption/desorption kinetics and consequently, U(VI) concentration within the contaminant plume at the site. The desorption rate will be slowed in aquifer regions where groundwater is significantly diluted by relatively low carbonate and lower pH river water. The desorption rate will be fast toward inland regions where groundwater contains higher carbonate and pH. A dynamic kinetic scenario is expected when a plume of high U concentration moves from inland toward the river. In this scenario, both adsorption magnitude and desorption rate will be spatially variable in response to groundwater composition and mixing extent with river water. This scenario will be further complicated by the sediment-groundwater interactions that influence groundwater cation and bicarbonate concentrations, and by the seasonal changes in river stage that cause changes in head gradient and flow vectors.
A multirate SCM, that was supplemented with a multirate ion exchange model to describe the kinetic evolution of major cations and pH resulting from solution-sediment interactions, was evaluated for its ability to describe U(VI) desorption kinetics from a sediment that has experienced long-term U(VI) contamination. The model provided a good description of the experimental results that were generated under variable, but controlled geochemical conditions, implying that kinetic SCM was able to describe major ion effects on both the rate and extent of U(VI) adsorption/desorption reactions. However, discrepancies between the model and data were observed (Figures 2 and 3) , as a result of the semiempirical nature of the model. The mass transfer rate parameters were also dependent, to a lesser degree, on the aqueous composition of the experimental systems. The applicability of such a model and model parameters will therefore require a full evaluation under field relevant conditions. FIGURE 4. Accumulated probability of the first-order rate constants for ion exchange (IC) (short dashed line) and surface complexation (SC) sites (solid line) that were estimated by best fit of the effluent data in Figure 1 . The dash-dot line represents a cumulated probability of the first-order rate constants for the SC sites estimated previously for this sediment in a column system (see text). Table S1 provides chemical compositions of three electrolytes used in the experiments. Table S2 lists aqueous speciation reactions used in the modeling of U(VI) desorption. Calculated U(VI) aqueous speciation in the stirred-flow reactor during flow and stop-flow periods, mathematical derivation of the equilibrium adsorbed concentration (Q j k k in eq 2) for the surface complexation site, and mathematical derivation of the equilibrium adsorbed concentration (Q j k k in eq 2) for the ion exchange site are also provided. This material is available free of charge via the Internet at http://pubs.acs.org.
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